for the fields about a vertical magnetic dipole in the sea allows analysis of the electromagnetic response over wide ranges of sea induction number and sea floor conductivity.
INTRODUCTION
With increasing interest and activity in investigating marine resources it is natural to ask what part electromagnetic geophysical techniques may play. Surprisingly little appears to have been done, either experimentally or theoretically, in studying the feasibility of marine application of electromagnetic techniques. Communication problems between submerged stations (including submarines) have received more attention: a concise summary of the feasibility of radio communication in the sea is given by Moore (1967) . Beside transmission through the air, propagation below the sea bottom and deeper within the crust has been considered for communication purposes (Mott and Biggs, 1963; Burrows, 1963) . The concepts of electromagnetic propagation derived are useful but relate to the far field (intermediate and asymptotic ranges defined by Bados, 1966) , whereas near field behavior is commonly important in geophysical systems designed for studying local geology.
Natural fields have been consillered for seabed investigation by Brock-Nannes tad (1965) . A difficulty may be the small size of the fields. Bannister (1968a) showed that the horizontal magnetic field from a line source' at the sea surface, measured at the bottom, is sensitive to seabed conductivity. In other papcrr (1967, 1968b several quantities that depend markedlyon bottom properties. However, these solutions hold only for the "quasi-near" range, where measurement distance is much less than a free space wavelength but much greater than sea and seabed skin depths, and where the horizontal separation is much greater than the depth of source and receiver. Shakhsuvarov and Zvereva (1967) set out the expressions necessary for exact calculation of fields of dipoles set in a series of conductive layers, but some computational results in a later paper (1968) are for asymptotic behavior under conditions similar to those enforced by Bannister. In this paper an attempt is made to analyze fields about a vertical magnetic dipole. Such a source may approximate the loop transmitter of a geophysical system comparable to those used at present for mineral exploration and sounding on land. As the integral expressions derived for the fields are evaluated numerically, no limits on the sea depth or measurement distance relative to sea or bottom skin depths are necessary. Some interesting behavior is observed when the fields are calculated for a wide range of parameters. Analysis of the results is aimed at understanding the field behavior and utilizing this behavior for measurement of sea bottom conductivities.
COMPUTATION OF FIELDS
The air, sea, and bottom are represented mathematically by a series of horizontal layers, in each of which the conductivity CT, permittivity E, and permeability p are constant (Figure 1) are distinguishable at increasing induction numbers (0>10, say); and (2) there is a "kink" apparent in the curves for k = 1V2--1V4, at about 0= lGl5.
Both horizontal electric and magnetic fields respond to poorly conducting bottoms for 0 greater than about 10, but the vertical magnetic field does not (see following section and Figure 7) . The "kinks" in the response curves shed some light on the propagation paths.
The amplitude of the horizontal magnetic field is shown in Figure 4 for several sea depths and k of 1OW. It is seen that as sea depth increases, the position of the kink and main peak move toward smaller induction numbers and the amplitude of the kink decreases. This behavior suggests that, with a poorly conducting seabed, the total horizontal fields result from energy propagating in two main ways: through the bottom and through the air just above the sea surface.
Such a concept is borne out by the curves of this minimum so that variations in sea depth can be neglected.
MEASUREMENT OF BOTTOM CONDUCTIVITY

Homogeneous sea bottoms
To illustrate the scope for determining bottom conductivity, diagrams of responses over the range 0 = 1 to 300 and k = 1OW to 3 are given. The geometry is D/R=0.2 and both transmitter and receiver are on the sea floor.
The vertical magnetic field amplitude is contoured in Figure 7 . This field is characteristically insensitive to bottoms with k less than 1O-1-1O-2 and attenuates rapidly with increasing induction number. It does look useful for measurement of conductivities represented by k > 10-r.
The horizontal magnetic field, as seen in Figure  8 , shows more promise for less conductive bottoms. However, for 0 less than 10, two conductivity ratios k may give equal field amplitudes.
The horizontal field is usually S-10 or more times the vertical component for 0 greater than 20; and for large 0, too, the value of the field is sensitive to changes in k for small k (1O-Z-1O-' ).
These two desirable features result from propagation chiefly through the sea-bed.
Phase of the horizontal field shows a very simple variation with induction number (0>20) and conductivity ratio (k 5 lo-l), as seen in Figure 9 . This useful behavior approximates that for plane waves, where (phase angle) = (wave number) X (distance)+ (constant). For the sea-bed, (wave number) X (distance) =cV(K/~)I' and actual (phase angle/B) slopes are roughly (kj2)"2.
As evident from Figure 2 , the electric field is also sensitive to conductivity variations, to k greater than 1O-1-1O-2 where 0 is less than 10, and to k less than 1OW for larger 0. Very small amplitudes, however, make the electric field less attractive than the horizontal magnetic field.
Other quantities, such as field ratios, tilt of polarization ellipse, etc., appear no more useful than the simple field amplitudes or phases. Another division, R less than sea wavelength but greater than bottom wavelength, only includes bottoms more conductive than the sea (top center of Figure 8 , 0 less than 10). As a seabed (half-space) of such conductivity is unlikely, values for k above 3 were not calculated.
It is concluded that to have the capability of measuring bottom conductivities in the entire range k = 3 to 10-4, a spread of frequencies suitable for sea induction numbers of 2 to 200 is required. The amplitude and phase of the horizontal magnetic field promise to he the most useful quantities. For measurements on the sea floor, total signals no less than l/10 the static dipole vertical field strength should enable dctermination of conductivity ratios do\vn to 10P3. The electric field may be strong enough to utilize at short separations and high frequencies; and for k> lo-' , the vertical magnetic field is useful.
In a practical marine electromagnetic (MEM) system, it would be simpler to use several frequencies at a fixed separation than to vary separation for sounding applications. Measurements at different frequencies may be plotted on a diagram such as Figure 8 . For a homogeneous bottom, interpretation is a matter of fitting a straight line (k=constant) to the plotted points; marked deviation from a straight line would indicate inhomogeneity. A catalog of response curves, in profile form or contour form, would be a prerequisite to development of an interpretation method for two-layered sea bottoms.
The results of this analysis are sufficiently encouraging for some applications of a MEM system to be envisaged. As k for the bottom may again be taken to be 0.2551, to maintain field strength, induction numbers should be less than 10 (a frequency of i30 hz for conductivity of 24 mhos/m). In this operating range, the water depth has a very strong effect on the fields, as seen for example in Figure 6 with 0=6, k=0.3, D/R= 0.1. Clearly then, (a) water depth must be known accurately; and (b) waves are likely to cause difficulty in making measurements. Of greater application to geological studies, either scientific or applied, is the possibility of undersea electromagnetic sounding. Rocks of the continental shelves-indurated sediments, igneous and metamorphic rocks-are much less conductive than seawater, with k' s less than 0.1. Hence, use of the horizontal magnetic field at induction numbers greater than 10 is suggested. For a horizontal separation of 200 m, frequencies are 79 hz for 8=10 and 7900 hz for 0=100. Although with a 200 m separation, D/R may be less than one (e.g. 0.2), the sea/air surface has little influence at the high induction numbers required. The ability to penetrate a thin conductive layer, such as unconsolidated sediments, and respond to less conductive material beneath is evident from Figure 13 .
On the basis of general response to seabottom conductivity variations, use of a MEM system in searching for ore deposits also looks promising. In order to obtain strong total fields, to be insensitive to conductivity variations when k < 1, but to detect good conductors, lower sea induction numbers than are best for conductivity mapping or sounding may be chosen. Though finite bodies cannot be treated here, a suggestion of the effects of a buried good conductor is given by Figure 15 .
These results show there may be a wide range of application for marine electromagnetic methods. 
